Abstract
When modelling material mechanical behaviour, an analytical description is required of the relationship between stresses and strains. A computer oriented mechanical behaviour model for steel is described. T h e model is based on the fact that the deformation process at transient high temperature conditions can be desribed by three strain components which are separately found in different steady state tests. It is shown that a behaviour model based on steady state data satisfactorily predicts behaviour in transient tests under any given fire process. load and strain history.
The test method used for determining strength properties is of great importance for the obtained result. By using the model a procedure is shown how to couple steady state and transient state results and make them comparable for design. Sometimes the behaviour model for design purposes is simplified by using constructed stress-strain curves based on transient state results. This means that creep from the transient test is included in an approximate way in the stress-strain curves. T h e consequence of this simplification in a computation is illustrated for steel structures approaching creep failure under fire attack.
BACKGROUND
When developing an analytical behaviour model of steel at high temperatures one needs a great amount of data on the stress and deformation characteristics at different temperature histories. The model must be based on reliable and well-documented results from tests carried out under well defined and controlled conditions. A careful distinction must be made between steady state (stabilized) and transient state conditions. S t e e l s behave in many ways differently and therefore hot-rolled and cold-worked reinforcing steel, structural steel and prestressing steel must be separated.
It is important to have in mind the different test procedures for determining the mechanical properties.
There exist two main groups of tests, steady state tests and transient state tests. Material properties measured are closely related to the test method used. It is therefore of great importance that the test conditions are well defined.
During a fire situation the material is normally subjected to transient processes with varying temperature and stress, and to understand this. transient state tests are needed.
Mechanical properties of steel can be established by following a number of different test procedures. T h e three main test parameters are the heating process, application and conLrol of load, and control of strain. These can have constant values or be varied during testing, giving steady state or transient state conditions depending on the heating procedure.
Six practical regimes which can be used for determining mechanical properties are illustrated in Fig. 1 Steady state tests are characterized by a heating period and a period of time during which the temperature of the specimen is stabilized before any load is applied. T h e strain measured before the load is applied corresponds to the thermal expansion.
Transient state tests or non-steady state tests are characterized by a varying temperature and a simultaneous load. The load can be applied before heating or developed during heating by restraint against thermai expansion. These two types of transient tests are carried out with load and strain control, respectively.
GESERAL YODEL
I t is generally agreed that the deformation process of steel at transient high temperatures can be described by three strain components defined by the constitutive equation = creep strain or time dependent strain.
A computer oriented mechanical behaviour model for s t e e l , based on Eq ( 1 ) . is developed in Anderberg (1976) 
T h e slrains are found separately in different steady state tests. It is shown that a behaviour model based on steady state data satisfactorily predicts behaviour in transient tests under any given fire process, load and strain history.
Thermal strain
The thermal strain or thermal expansion is measured on unloaded specimens in a transient test. Investigations published in literature indicate small deviations for structural and prestressing steels. Type of steel and strength characteristics seem to have no significant influence. In Fig. 2 
Instantaneous stress-related strain
T h e 6-E relationship can be measured under stress rate or strain rate control. The stress strain relationship must be obtained at a high rate o f loading or high rate of strain in order to avoid the influence of c r e e p , which is of importance above about 400:C for ordinary steel (for cold-worked or prestressing steel above about 230'C). Tbe inf luence of creep resuits in a displaced d-E curve and in a lower ultimate (rupture) strength. T h e 6-E curves can be used to establish compressive or tensile strength, modulus of elasticity and ultimate strain.
Experimental results published in Anderberg (1978) 121 indicate that reinforcing and structural steel have a similar dimensionless $-E relationship as illustrated in Fig. 3 at 4 0 0 and 600".
An analytical description of the 6-E curve as a function of tempera-Lure can be made in different ways. T h e experimenLa1 curve can be approximated by a number of straigbt lines or by a modified expression of Ramberg & Osgood (1943) used in Xagnusson (1974) as follows I n this paper the dimensionless 6-c relationship is described by a straight line followed by an elliptic branch and a straight line as illustrated in Fig. 4 . The parameters a , il a n d E, are dependent on temperature level and type of steel (Dounas & Golrang 1982) 151
The analytical expressions are
Reinforcing and structural steel:
The curve fitting for reinforcing and structural steel at 4 0 U and 600" is illustrated i n Fig. 3 .
Principal model of dimensionless d-c relationship CREEP S T R A I N C r e e p behaviour is unique for every type of steel and a common description is hard to find. This is due to the fact that the chemical composition and the decree of processing strongly influences this. T h e creep t nden s ems oot.to.hk related to the 0.2% proof stress or other s7rengFi cfaracteristlcs at room temperature. Therefore the absolute value of stress is used when describing creep a n a l~t i c a l l g .
T h e creep strain can only he directly measured in steady state tests and if the s t r e s s is kept constant it can be separated into two phases. primary and secondary phase. However, the creep from steady state tests can be used in order to predict the creep process i n transient tests, which will be illustrated.
Yodels of creep are in most cases based on a concept put forward by Dorn (1954) /4/, in which the effect of variable temperatures is considered. T h e extension of the model to be applicable to variable stress c a n , for instance, be based on the strain hardening rule.
T h e creep strain modelled in this paper is assumed to be dependent on the magnitude of stress and on the temperature-compensated time evaluated from the expression where AH = activation energy of creep, J/mol R = g a s constant. J / m o l -K t = time.
The relation between creep strain. E , , , and temperature-compensated time, 6 , at a given stress level is shown principally in Fig 
T h i s formula is not that practical and unneccessary complicated
Creep parameters for different kind of steels and used in calculations are collected in In 121 the modified version of the Dorn-Harmathy theory, described above, has been used and the concordance between test and calculation is shown in Fig. 6 . T h e effect of variable stress and temperature is solved by using a modification of the strain hardening rule.
RELAXAT ION
A relaxation test is closely related to a creep test but is carried out at constant strain and temperature (Fig. 1) and the stress decrease is studied as function of time. T h e relaxation process can analytically be found by using the formulation of creep and the instantaneous stress-related strain a s follows.
T h e total strain is constant, which means that the sum of c, and c , , is constant. T h e increase in creep must be followed by the same decrease in c , . The stress must therefore decrease with time in such a way that c , decreases a s E , . increases.
Dimeusionless relaxation curves measured and predicted for reinforcing steel are compared in Fig. 8 . T h e agreement is very good. T h e behaviour model is based on steady state data. but the creep can be predicted a t varying losd and temperature (transient process) by using the strain hardening rule. This means that any test can be simulated by using the complete behaviour model a s expressed above.
The total deformation as a function of temperature measured in a transient test, T = lO'C/min, is calculated and the comparison is illustrated in F i g . 9 . Fig. 9 Yeasured and predicted total deformation as a function of temperature at different load levels in a transient process. T = = 1 0 X / m i n . Reinforcing steel Ks 6 0 $8, f, ,.,,o, = = 710 MPa Anderberg (1983) /3/ There is a good agreement between test and calculation. However, there is a discrepancy at the load level 6/f, , . , , o c = 0.9 and temperature region 100-300". This is due to an instability phenomenon in the material called "thermal activated f l o w -, which only occurs in transient tests. T h i s characteristic feature has been observed in many experimental investigations and sometimes the deformation results from two identical tests may differ very much in the temperature region 100-300". T h i s is due to a more pronounced thermal activated flow in one of the tests.
H O W TO COUPLE STEADY S T A T E AND TRANSIENT S T A T E RESULTS
Analytical modelling illustrated above makes it possible to couple steady state tests and transient state tests. For instance. the strain or stress rate can be determined in steady state tests to give the same ultimate strength as occurs in a transient test for a given rate of heating T h e predicted influence of stress and relationship under steady state condit 10-11. From such curves the ultimate s ture can be evaluated. In Fig. 12 a-b , strain rates on the ultimate strength illustrated. T h e influence of rate of conditions is given in Fig. 12 c . T h e the stress a t which the strain is 4 % ,
In the analytical modelling the strain train rates on the stress-strain ons can be studied in F i g s . rength as a function of temperathe influence of stress and nder steady stale conditions is emperature under transient state ltimate strength is defined by he thermal strain excluded. and stress rate in a steads state procedure to give the s a m e ultimate strength as under transient state conditions is found. if the rate of heating is chosen to be 1 0 T / m i n .
Fig. 10
Predicted 6 -E curves a t different stress rates for reinforcing steel (Ks 6 0 , f, ,.,,o,; = 7 1 0 MPa), Anderberg (1983) /3/ These values vary somewhat depending on the type of steel, which is shown in Table F o r the additional steels in Table 1 the results of computation are given in diagrams in /3/. S u c h diagrams can be used for design as i llustrated in / 3 / . 
SIMPLIFIED MODEL
For design purpose a simplified model is used in practice, where the creep strain in an approximate way is incorporated in the stress-strain relationship. T h e model is solely based on transient state tests and the procedure to construct the d-E relationship is as follows.
T h e total deformation measured in a transient test at a constant stress and increasing temperature until failure occurs minus the thermal strain as function of temperature is illustrated in Fig. 1 3 . From these curves, 6-E relationships can be constructed in which the creep strain corresponding to a specified heating rate is included. In an analytical study of fire-exposed structures i t is often too approximate to use the simplified model because the real temperature and stress history is not accounted for. The influence of creep on the deformation behaviour for a fire-exposed steel beam is illustrated in Fig. 1 5 . T h e studied case illustrates creep failure under fire atlack. If creep is not considered the collapse time is increased from about 17 to 2 0 min and the failure temperature from 700 to 760'C.
F o r fire-exposed slender steel columns the influence of creep can be furthermore pronounced.
T h e principal importance of the stress history on the total strain in a transient process, where the rate of heating T is constant, is illustrated in Fig. 16 . Curve 1 corresponds to a constant stress d, during heating up to temperature T, and curve 2 to a stress d,/2 up to temperalure T, and then a stress 6, until temperature T, is reached. T h e difference in total strain is due to the different stress history and a different creep strain developed during the transient process. 
